Previous studies have suggested that the apoplast solution of sugarcane stalk tissue contains high concentrations of sucrose, but the accuracy of these reports has been questioned because sucrose leakage from damaged cells may have influenced the results. In this study, the solute potential of the apoplast and symplast of the second (immature), tenth, twentieth, thirtieth, and fortieth internodes of field-grown sugarcane ( determine the extent of solute accumulation in the apoplast as well as the symplast. Two independent methods were used to quantify the water relations of both the symplast and apoplast in terms of i'', ',, and i&p. Specific objectives were to measure 'I, /,, and ,6p for both mature and immature tissue, to determine how the partitioning of solutes and water between the apoplast and symplast changes with development, to identify the solutes present in each compartment, and to determine the relative volume of the apoplast solution in order to assess its importance as a storage compartment for sucrose.
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MATERIALS AND METHODS Plant Material.
Sugarcane (Saccharum spp. hybrid, cv H65-7052) plants were field-grown in a silty-clay loam (Typic Torrox) soil near Waipahu, Oahu, HI. Well-watered 1.5-to 2-year-old plants were excised prior to sunrise when guttation water was present on leaf margins, indicating that the plants were fully hydrated. After excision, plants were immediately sealed in plastic bags and transported to the laboratory. Tissue samples were collected and analyzed on the basis of internode number. The reference point for determining internode number was the TVD leaf (12) ; the youngest leaf whose blade is fully exposed and not enclosed in the sheaths of older leaves. The first internode was the node below the TVD leaf sheath attachment, and additional internodes were numbered consecutively down the stalk. A 2-year-old sugarcane stalk grown under the conditions described above typically contained approximately 50 internodes. In this study, internodes 2, 10, 20, 30 , and 40 were analyzed.
Internode tissue sections were prepared for analysis inside a humidified chamber to reduce water loss. The stalk was cut in half at least 1 cm from the node and the epidermis and any pith tissue was removed with a knife, because the fiber content is higher and sucrose concentrations lower in these tissues (3, 6) .
Apoplast Solute Potential
Determinations of lt'sa were obtained by two independent methods. In the first method, tissue samples approximately 3 Abbreviations used: ', water potential; 4,,, solute potential; ipsa apoplast solute potential; &Cb, bulk tissue solute potential; A,,,, symplast solute potential; 4fp, pressure potential; RWC, relative water content; Ra, relative apoplast water fraction; FWT, fresh weight; DWT, dry weight; TVD, top visible dewlap; WC, water content; RCF, relative centrifugal force. 4 .5 x 1 x 1 cm were placed in Centrex microfilter centrifuge tubes (Schleicher and Schuell) equipped with a 0.8 ,um cellulose acetate filter and a 5.0 mL receiver tube. Tubes were centrifuged for 10 min at 30g then for an additional 10 min at 480g. The solution from the first centrifugation was discarded because it contained symplast contamination from cut surfaces and damaged cells (Fig. 1) . The Op values determined from ' isotherms were almost constant ranging from 0.30 to 0.42 MPa (Fig. 3A) . Pressure potential calculated by subtracting As from I (determined by centrifugation and osmometry) increased from 0.18 MPa at the 2nd internode to 0.40 MPa at the tenth internode and remained essentially constant thereafter (Fig. 3A) .
Values of 'Psa inferred from the I of fully hydrated tissue pieces measured by psychrometry were in good agreement with those obtained for apoplast solution extracted by centrifugation and measured by osmometry (Fig. 3B) . Apoplast As, decreased sharply from approximately -0.75 MPa in the 2nd internode to a minimum of -1.7 to -2.0 MPa in internodes 20 thru 40 (Fig. 3B) .
The As was very similar whether measured from crushed tissue following centrifugation or by extrapolation from v isotherms, dropping from -1.0 MPa at the 2nd internode to a minimum of approximately -2.2 MPa from internodes 20 to 40 (Fig. 3C) .
Tissue samples from the 30th internode were also washed in water for 1 h prior to ' isotherm determination. Washing increased 46p from 0.29 to 1.96 MPa, decreased 'Psa from -1.94 to -0.27, decreased Ra from 25.1% to 18.5%, and increased WC from 73.8% to 88.6% (cJf Fig. 2 , B and C; Table I ).
Relative Apoplastic Volume
The RK was determined by extrapolation from ' isotherms or from Equation 2. The Ra increased with internode age and ranged from 4.1 to 20.2% and 12.5 to 29.2% for the centrifugation and I isotherm methods, respectively (Fig. 4) . (Table II) . Sucrose content increased from the 2nd internode to the 30th internode and decreased slightly at the 40th internode. Fructose and glucose levels decreased rapidly from the 2nd internode until levels at the 20th internode were barely detectable and essentially nil, respectively (Table II) . Potassium concentrations were essentially the same in both compartments, decreasing slightly after the 2nd internode and then remaining constant in mature tissue.
Organic acids accounted for over 30% of the measured osmolality in the 2nd internode with concentrations ofgreater than 100 mm present in both compartments (Table II) . The concentration of organic acids declined with maturity, and at the 10th and 40th internodes concentrations were less than one-third those at the 2nd internode (Table II) . In the 2nd internode, succinate and aconitate were the only detectable organic acids in the apoplast with concentrations of 76 and 44 mM, respectively (Table III) . In the symplast, similar quantities of succinate and aconitate were present in addition to measurable quantities ofcitrate, malate, and oxalate (Table  III) . At the 40th internode, succinate was not detected in either compartment, and aconitate accounted for at least 75% of the organic acids.
The pH of the symplast solution was 5.06 at the second internode, increasing to a plateau of 5 Tissue WC declined from 84% at the 2nd internode to a minimum of 77% in mature internodes (Fig. 5A) . Both the soluble and insoluble solids increased after the 2nd internode to constant values of 19 and 9%, respectively, in mature tissue (Fig. 5A) . The percentage of total sucrose in the apoplast increased from 7.5% in the 2nd internode to 21.6% in the 40th internode (Fig. SB) .
DISCUSSION
In a previous study, Hawker (9) (5) . In the present study, the As of the apoplast solution was either (a) determined psychrometrically from fully hydrated stalk tissue or (b) determined by osmometry following isolation by centrifugation at low RCF. Because the I of bulk tissue is determined by the apoplast solution, the psychrometric measurement of tissue I is also a measurement of #sa.
However, consideration must be given to several types of systematic errors that may adversely influence psychrometric measurements. If barriers to water vapor movement were present in the sample or insufficient equilibration time were allowed, the thermocouple may have only equilibrated with the outer cell layers of the tissue which were predominantly composed of damaged cells. With the exception of the rind tissue, which was removed during sample preparation, there are no barriers to water vapor movement associated with internode tissue (2) . Water potential values were constant after a 3 h equilibration period and remained constant for up to 12 h indicating that equilibration with the entire sample had been achieved (data not shown). During the preparation of tissue for measurement by psychrometry, solutes released from cut surfaces may be reabsorbed by surrounding cells causing 4', to decrease and ip to increase resulting in an overestimate of 44a. This phenomenon can be observed as a constant that persists on T isotherms during successive measurements even though the RWC is reduced below 100%. In this study, relatively large 3 x 1 x 1 cm tissue slices were used, and reductions in T accompanied reductions in RWC, resulting in continuous isotherms (Fig. 2) . The lack of any detectable solute reabsorption may be due to the fact that cut cells comprise a smaller percentage of the total tissue in large slices than in small slices. Therefore, the effect of cut surfaces on the bulk tissue T measurements is probably less in large slices used in this experiment than in small tissue slices used by previous investigators (8, 9) .
The centrifugation technique used to isolate the apoplast solution can also produce erroneous results if its limitations are not understood. Terry and Bonner (14) used centrifugation to isolate cell wall polysaccharides from pea stems, and found that leakage from the symplast began at 3000g. In the current study, the apoplast solution was collected at 480g, well below the force reported to induce leakage. Analyses of immature internode tissues in other species of Saccharum that accumulate sugars have produced iJa values greater than -0.5 MPa, indicating that the high apoplastic solute concentrations were not due to systemic errors in the centrifugation (4, 14) , while fully hydrated sugarcane stalk tissue yielded sufficient solution for repeated analyses without the addition of water. Contamination from the phloem during centrifugation would not be expected to constitute a large error, since the phloem has been estimated to comprise less than 0.5% of the volume in mature stalk tissue (9) . In agreement with previous studies (7, 9), our results indi- (Fig. 5A) . However, the Ra and percent of total water content sucrose in the apoplast continue to increase (Fig. 4 , 5B 5.6 suggesting that the symplast was stalk tissue (Fig. 4) . (9) . In studies using a pressure probe, turgor in sugarcane leaf tissue has been reported to be approximately ie stalk tissue cells increased dramatically and re--0.25 MPa, the i, of guttation water to be approximately high following a 3-h wash and incubation treatment -0.03 MPa, and the xylem pressure to be zero (12) . Yet the )ore, DJ Cosgrove, unpublished results). Thus, in I of isolated stalk internode tissue is as low as -1.8 MPa ie, solute leakage from the symplast is evidently not (Fig. 3B) 
